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yperlipidemic Mice Present Enhanced Catabolism and Higher Mitochondrial
TP-Sensitive K� Channel Activity
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NIBAL E. VERCESI*

Departamento de Patologia Clínica, Faculdade de Ciências Médicas, and ‡Departamento de Fisiologia e Biofísica, Instituto de Biologia, Universidade Estadual de
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ackground & Aims: Changes in mitochondrial energy
etabolism promoted by uncoupling proteins (UCPs) are often

ound in metabolic disorders. We have recently shown that
ypertriglyceridemic (HTG) mice present higher mitochondrial
esting respiration unrelated to UCPs. Here, we disclose the
nderlying mechanism and consequences, in tissue and whole
ody metabolism, of this mitochondrial response to hyperlip-

demia. Methods: Oxidative metabolism and its response to
itochondrial adenosine triphosphate (ATP)-sensitive K� chan-

el (mitoKATP) agonists and antagonists were measured in iso-
ated mitochondria, livers, and mice. Results: Mitochondria
solated from the livers of HTG mice presented enhanced re-
piratory rates compared with those from wild-type mice.
hanges in oxygen consumption were sensitive to adenosine

riphosphate (ATP), diazoxide, and 5-hydroxydecanoate, indi-
ating they are attributable to mitochondrial ATP-sensitive K�

hannel
mitoKATP) activity. Indeed, mitochondria from HTG mice pre-
ented enhanced swelling in the presence of K� ions, sensitive
o mitoKATP agonists and antagonists. Furthermore, mitochon-
rial binding to fluorescent glibenclamide indicates that HTG
ice expressed higher quantities of mitoKATP. The higher con-

ent and activity of liver mitoKATP resulted in a faster metabolic
tate, as evidenced by increased liver oxygen consumption and
igher body CO2 release and temperature in these mice. In
greement with higher metabolic rates, food ingestion was
ignificantly larger in HTG mice, without enhanced weight
ain. Conclusions: These results show that primary hyper-
ipidemia leads to an elevation in liver mitoKATP activity, which

ay represent a regulated adaptation to oxidize excess fatty
cids in HTG mice. Furthermore, our data indicate that
itoKATP, in addition to UCPs, may be involved in the control

f energy metabolism and body weight.

igh plasma levels of triglycerides and free fatty acids can
occur due to primary inherited disorders or secondarily

o other metabolic diseases such as diabetes and the metabolic
yndrome, which also includes insulin resistance, obesity, and
ypertension.1 In conjunction with these disorders, or even

ndividually, hypertriglyceridemia is a risk factor for coronary
eart disease, stroke, and nonalcoholic fatty liver disease.1–3

A group of proteins that plays a role in the pathogenesis or
onsequences of metabolic diseases is the uncoupling proteins
UCPs).4 – 6 These proteins act as mitochondrial inner mem-
rane fatty acid anion transporters and are widely distributed in
any mammalian organs.7 Because of the proton gradient and
ree permeability of protonated fatty acids across the inner
embrane, a result of UCP activity is mitochondrial uncou-
ling, including increased resting respiration and decreased
embrane potentials and oxidative phosphorylation effi-

iency.7 Interestingly, UCP expression is altered by obesity and
iabetes8 –10 and in some conditions where circulating lipid

evels are modified by hormones,11 dietary fat,12 and intrave-
ous heparin plus lipid infusion.13

All these conditions present a complex metabolic context
here it is difficult to discriminate the role of hyperlipidemia.
o study the effects of elevated plasma lipid levels per se,
ithout other metabolic confounding factors, we used mice
verexpressing the apolipoprotein CIII, which develop severe
ypertriglyceridemia and high plasma levels of free fatty acids14

ut retain normal glucose homeostasis.15,16 The increased apo-
ipoprotein CIII content in the surface of triglyceride-rich li-
oproteins hampers their recognition by specific liver receptors,
hus increasing their half-life and free fatty acid release in the
lasma compartment.17 We found that liver mitochondria from
hese mice presented higher resting respiratory rates.18 This
ncrease in respiration was not related to the activity of UCPs
ecause (1) the effect was present even in media in which free
atty acids were quenched by bovine serum albumin and (2)
ncoupling was not eliminated by the UCP inhibitor GDP

guanosine 5=-diphosphate).18

To uncover the cause of this mitochondrial uncoupling in
ypertriglyceridemic mice, we now focus our attention on an-
ther recently described mild mitochondrial uncoupling path-
ay: the activity of adenosine triphosphate–sensitive K� chan-
els (mitoKATP).19,20 These inner membrane uniporters promote
� influx in a manner counteracted by the K�/H� antiporter

see Figure 1 and Garlid and Paucek19 for review). The resulting
ptake of H� through the antiporter decreases the efficiency of
xidative phosphorylation. Uncoupling is limited by K� trans-
ort rates of mitoKATP, which are quite slow and only allow for
ild uncoupling. In addition to mild uncoupling, these chan-

els also promote low-amplitude mitochondrial swelling when
ctive due to the uptake of K�, the counter-ion phosphate, and
ater.21,22 We found strong evidence that the activity and quan-

ity of mitoKATP channels is augmented in hypertriglyceridemic

Abbreviations used in this paper: DZX, diazoxide; EGTA, ethylene
lycol-bis(�-aminoethyl ether)-N,N,N=,N=-tetraacetic acid; GLY, gly-
uride/glibenclamide; 5-HD, 5-hydroxydecanoate; HTG, hypertriglycer-

demic; mitoKATP, mitochondrial adenosine triphosphate–sensitive K�

hannels; UCP, uncoupling protein; WT, wild-type.
© 2006 by the American Gastroenterological Association (AGA) Institute
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October 2006 HYPERLIPIDEMIA AND MITOCHONDRIAL K� CHANNELS 1229
HTG) mice, providing a mechanistic explanation for the ob-
erved uncoupling. In addition, we show evidence that this
ncoupling leads to increases in overall respiratory rates and
atabolism in HTG livers in mice.

Materials and Methods
Animals
Human apolipoprotein CIII transgenic (line 3707)23

ounders were donated by Dr Alan R. Tall (Columbia Univer-
ity, New York, NY) and crossbred with wild-type (WT) C57Bl6

ice. The apolipoprotein CIII transgenic colony has been kept
or 10 years at the animal facilities of the Department of
hysiology and Biophysics at the State University of Campinas

Campinas, Brazil). The experiments were approved by the uni-
ersity’s ethics committee and are in accordance with the
uidelines for Handling and Training of Laboratory Animals
ublished by the University’s Federation for Animal Welfare.
ice had access to standard laboratory rodent chow (CR1;
uvital, Colombo, Paraná, Brazil) and water ad libitum and
ere housed at 22°C � 2°C on a 12-hour light-dark cycle. Male
nd female heterozygous apolipoprotein CIII transgenic (HTG)
nd nontransgenic (WT) littermates, aged 4 – 6 months, were
sed in this study. Total cholesterol and triglyceride (Chod-Pap;
oche Diagnostic GmbH, Mannheim, Germany) and plasma

ree fatty acid (Wako Chemical, Neuss, Germany) levels were
etermined by enzymatic-colorimetric methods according to
he manufacturers’ instructions. Transgenic mice presented
asting plasma triglyceride levels �300 mg/dL and WT mice
evels �100 mg/dL. Four groups (n � 12) of male and female
ransgenic and WT mice had their body weight gain and food
ngestion followed up from weaning (30 days of age) to 6

onths of age. Mice and ingested food were weighed 3 times a
eek. Body weights were taken individually, whereas food in-
estion was measured as the average consumed by 4 mice per
age per day. Two groups of transgenic mice (n � 6) were
reated with insulin or saline as previously described.24 Briefly,

ice received daily subcutaneous injections of increasing doses
f NPH insulin (0.14 –1.63 U/30 g body wt, Iolin; Eli Lilly,

igure 1. Mitochondrial inner membrane K� transport. The mito-
hondrial respiratory chain generates a proton gradient used by ATP
ynthase to promote oxidative phosphorylation. MitoKATP mediates K�

ransport into the matrix in a manner inhibited by ATP, GLY, or 5-HD
nd stimulated by DZX. K� is removed from the mitochondrial matrix in
xchange for H� by the K�/H� antiporter, resulting in mild uncoupling.
ndianapolis, IN) or the same volume of saline solution for 7 5
ays. Two thirds of the dose was given at 8 PM and one third at
AM. To prevent hypoglycemia, these mice had free access to

ugar cubes in addition to the chow diet, and a 5% glucose
olution was the only drinking solution offered.

Isolation of Mouse Liver Mitochondria
Mitochondria were isolated by conventional differential

entrifugation25 at 4°C. No differences between sexes of the
nimals were noted in isolated mitochondrial studies, so ana-
yzed samples from male and female animals were pooled. A
iver homogenate was prepared in 250 mmol/L sucrose, 1

mol/L ethylene glycol-bis(�-aminoethyl ether)-N,N,N=,N=-tet-
aacetic acid (EGTA), 10 mmol/L HEPES buffer (pH 7.2), and
.01% bovine serum albumin and centrifuged at 600g for 10
inutes. The supernatant was recentrifuged at 7000g for 10
inutes. The pellet was washed in the same medium devoid of

ovine serum albumin and containing 0.1 mmol/L EGTA. The
nal mitochondrial pellet was diluted in 250 mmol/L sucrose
o a protein concentration of 60 – 80 mg/mL, measured using
he Biuret method and bovine serum albumin as the protein
tandard. Isolated mitochondria were kept over ice and used
ithin 90 minutes of preparation to ensure mitoKATP activity.
itochondria isolated in this manner lose matrix K� and con-

ract due to low levels of this ion in the isolation buffer and
ecover K� when suspended in K�-rich buffers.21,22

Mitochondrial and Respiratory Rates
Oxygen consumption was measured using a tempera-

ure-controlled computer-interfaced Clark-type oxygen elec-
rode from Hansatech Instruments Ltd. (King’s Lynn, Norfolk,
ngland) equipped with magnetic stirring at 28°C.

Mitochondrial Swelling
Mitochondrial swelling was estimated from the de-

rease in absorbance of the mitochondrial suspension measured
t 520 nm using a temperature-controlled SLM Aminco DW
000 spectrophotometer (SLM Instruments, Inc., Urbana, IL)
quipped with continuous stirring at 37°C. Swelling rates of
reshly isolated mitochondria were measured soon after their
ddition of K�-rich, hyposmotic buffers. This procedure allows
or a magnified measurement of K� uptake rates due to prior
� depletion during the mitochondrial isolation procedure.22

Liver Respiratory Rates
Mouse livers were rapidly dissected and chopped into

-mm cubes using a tissue chopper. Approximately 50-mg liver
amples were incubated in 1 mL Krebs–Henseleit solution
37°C) containing 10 mmol/L glucose. Oxygen consumption
as measured using a Clark-type electrode as described previ-
usly. The exact protein content of each homogenized tissue
ample was then determined using the Biuret method, and
espiratory rates were calculated.

CO2 Production Rates In Vivo
CO2 production in vivo was measured in a temperature-

onitored respirometer described by Calegario et al.26 Fed mice
eighing between 24 and 28 g were adapted to the respirometer

hamber twice a day for 5 minutes for 5 days. After the adap-
ation period, CO2 expiration of each mouse was monitored for
minutes once a day, between 9 AM and 11 AM, for 5 consec-
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1230 ALBERICI ET AL GASTROENTEROLOGY Vol. 131, No. 4
tive days. CO2 production rates were calculated as averages of
measurements for each mouse.

Body Temperature
Rectal temperatures were measured using a digital ther-

ometer (BD Basic; Becton Dickinson and Company, São
aulo, Brazil). Mice were adapted to rapid comfortable immo-
ilization and rectal temperature measurements for 5 days,
etween 2 PM and 3 PM. Measurements were then conducted for
days, during three 20-second periods. Average rectal temper-

tures for each animal during these measurements were then
etermined and compared.

Data Analysis
Data shown as traces are representative of at least 3

epetitions using different preparations. Other data are averages
SEM. Statistical analysis was performed using one-way anal-

sis of variance comparisons (Figures 2– 4) and analysis of
ariance and Student t tests (with similar results; Figures 5 and
) conducted using Origin 7.0 software (OringinLab Corp.,
orthampton, MA). P � .05 was considered significant.

Results
Confirming previous results,18 we found that mito-

hondria isolated from livers of HTG mice present higher O2

onsumption rates than WT mitochondria when incubated
nder basal conditions in which no oxidative phosphorylation
ccurs (see representative traces in Figure 2A and averages in
igure 2B). In our prior study,18 no increases in respiratory rates
nder state III conditions, in which oxidative phosphorylation

s stimulated, were observed, indicating these changes are not
ue to higher maximal respiratory capacity. Instead, we found
ere that enhanced respiratory rates of HTG mitochondria were

ignificantly prevented by the presence of ATP (Figure 2). Fur- v
hermore, the effects of ATP were reversed by the mitoKATP

gonist diazoxide (DZX),27 strongly suggesting that the increase
n respiration is due to K� cycling stimulated by the activity of
his channel. Indeed, the DZX effect was completely abrogated
y the mitoKATP antagonist 5-hydroxydecanoate (5-HD),28 and
o differences in respiratory rates could be observed in media
evoid of K� salts. These results indicate that the increased
espiratory rates observed in HTG mitochondria are due to the
ctivity of mitoKATP.

To directly assess if ATP-sensitive K� transport was en-
anced in HTG compared to WT mitochondria, we measured

ight scattering changes in these suspensions. Mitochondria
ose K� during isolation, and the uptake of this ion during the
rst few seconds of incubation in K�-rich media is enhanced by
itoKATP activity. Because K� uptake is accompanied by phos-

hate (as a counter-ion) and water, mitochondrial matrix swell-
ng occurs, with concomitant decreases in light scattering of the
uspension.21,22 Swelling experiments are an important comple-

ent to the respiratory rate measurements conducted earlier,
ecause DZX is known to have protonophoric effects and leads
o respiratory inhibition in mitochondria when used at toxic
oncentrations.22 Because the inner membrane potential is a
riving force for K� uptake,19 both respiratory inhibition and
rotonophoric activity decrease mitochondrial swelling, while
itoKATP activation promoted by low doses of DZX enhances

welling.22

We found that swelling in WT mitochondria was poorly
nhibited by ATP, indicating low levels of mitoKATP activity (see
igure 3A for typical traces and Figure 3B for average swelling
ates). On the other hand, swelling rates in HTG mitochondria
ere significantly larger and prevented by ATP. This difference

n swelling rates was only noted in media containing K� ions.
ndeed, as expected for mitoKATP-mediated swelling, DZX re-

Figure 2. Enhanced resting
respiration in HTG mitochondria
is due to ATP-sensitive K� up-
take. Typical traces are shown in
A, and averages � SEM are de-
picted in B. WT and HTG mito-
chondria (0.5 mg/mL) were
added to 28°C, pH 7.2 (KOH)
medium containing 125 mmol/L
sucrose, 65 mmol/L KCl, 10
mmol/L HEPES, 2 mmol/L Pi, 1
mmol/L Mg2�, 0.4 mmol/L EGTA,
4 mmol/L succinate, and 1
�g/mL oligomycin in the pres-
ence of 0.1 mmol/L ATP, 12
�mol/L DZX, and 60 �mol/L
5-HD, as shown. No K�, experi-
ments conducted in media in
which all K� salts were substi-
tuted by Li-positive salts. *P �
.01 vs WT under control condi-
tions; #P � .01 vs HTG under
control conditions; �P � .05 vs
HTG in the presence of ATP; �P
� 05 vs HTG in the presence of
ATP plus DZX.
ersed the ATP effect in a manner prevented by mitoKATP
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October 2006 HYPERLIPIDEMIA AND MITOCHONDRIAL K� CHANNELS 1231
ntagonists glibenclamide (glyburide [GLY]) and 5-HD. Based
n these findings, we conclude that mitoKATP activity is en-
anced in the livers of HTG mice.

Next, we assessed if larger quantities of mitoKATP were
resent in HTG mitochondria compared with WT. Because the
olecular identity of mitoKATP is a matter of debate, we com-

igure 3. HTG mitochondria
resent enhanced ATP-sensitive
� uptake. Typical traces are
hown in A, and averages � SEM
f swelling rates during the first
5 seconds are depicted in B Mi-
ochondria (0.5 mg/mL) were
dded to 28°C, pH 7.2 (KOH)
edium containing 100 mmol/L
Cl, 5 mmol/L HEPES, 2 mmol/L
i, 1 mmol/L Mg2�, 0.1 mmol/L
GTA, 2 mmol/L succinate, and 1
g/mL oligomycin in the pres-
nce of 0.2 mmol/L ATP, 30
mol/L DZX, 10 �mol/L GLY,
nd 60 �mol/L 5-HD as indi-
ated. No K�, experiments con-
ucted in media in which all K�

alts were substituted by Li-pos-
tive salts. *P � .05 vs WT under
ontrol conditions; #P � .05 vs
TG under control conditions; �P
05 vs HTG in the presence of

TP; �P � .05 vs HTG in the
resence of ATP plus DZX.

igure 4. MitoKATP activity increases respiratory rates in HTG
ivers. Data shown are average � SEM respiratory rates of liver
ragments incubated at 37°C in Krebs–Henseleit solution, as de-
cribed in Materials and Methods. Mice received intraperitoneal sa-

ine (control) or 5-HD (10 mg/kg body wt) 1 hour before liver excision.
P � .05 vs WT under control conditions; #P � .05 vs HTG under

ontrol conditions. o
ared levels of bound fluorescent GLY (BODIPY FL GLY; Mo-
ecular Probes, Eugene, OR) in isolated mitochondrial prepara-
ions. This measurement estimates the content of

itochondrial sulfonylurea receptors, a component of mi-
oKATP.29 We found that the fluorescent GLY binding to HTG

itochondria was significantly enhanced (110.4% � 2.4% of
T; P � .05), confirming that liver content of mitochondrial

ulfonylurea receptors is higher in HTG mice.
The activation of mitoKATP in HTG mice could be a conse-

uence of higher circulating or intracellular lipids. We showed
reviously18 that fibrate treatment, which decreases plasma
riglyceride levels and accelerates intracellular fatty acid beta
xidation, normalized mitochondrial respiration in these HTG
ice. To further check the specific role of intracellular free fatty

cid content, we treated HTG mice with increasing doses of
nsulin24 during a 7-day period, a protocol that also decreases

igure 5. Body temperature and CO2 production is enhanced in
TG mice. (A) Rectal body temperatures and (B) CO2 release rates were
ompared in WT and HTG mice, as described in Materials and Meth-

ds. *P � .05 vs WT.
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1232 ALBERICI ET AL GASTROENTEROLOGY Vol. 131, No. 4
lasma lipid levels but stimulates intracellular fatty acid syn-
hesis. Indeed, in vivo insulin treatment reduced triglyceride
evels by 30% (340 � 56 vs 481 � 91 mg/dL, respectively, for
nsulin- and saline-treated HTG mice; P � .05). However, insu-
in did not correct higher resting respiration in HTG liver

itochondria (22.4 � 2.5 vs 21.8 � 1.5 nmol oxygen · mg
rotein�1 · min�1, respectively, for insulin- and saline-treated
TG mice). Thus, both fibrates and insulin correct plasmatic

riglyceride levels but present opposite effects on intracellular
atty acid metabolism, while fibrates, but not insulin, reverse
he respiratory increments observed in these animals. As a
esult, we conclude that higher respiratory rates observed in
TG mitochondria are related to changes in intracellular fatty

cid metabolism observed in HTG mice but not enhanced
lasmatic lipid contents.

Mild levels of uncoupling promoted by enhanced mitoKATP

xpression and activity in mitochondria isolated from HTG
ice could result in changes in overall liver metabolism. To

heck this possibility, we measured oxygen consumption in
iver fragments (Figure 4). HTG liver oxygen consumption rates
ere about 16% greater than those of WT livers. This increase is

ower than the 24% increase in resting respiratory rates observed
n mitochondria isolated from these livers (see Figure 2), prob-
bly because intact liver samples conduct oxidative phosphor-
lation and thus are not in resting state. The increment in
espiratory rates in intact livers could nonetheless be ascribed to

itoKATP activity, because 5-HD injected 1 hour before liver
xcision significantly decreased O2 consumption only in HTG
iver fragments and made respiratory rates indistinguishable
rom those of WT livers (Figure 4).

Because the liver has an important role in overall oxidative
etabolism and nonshivering thermogenesis,30 we evaluated
hether HTG mice present different metabolic rates compared
ith WT mice. As shown in Figure 5A, body temperatures in
TG mice were significantly augmented, a finding that could

ndicate a hypermetabolic state in these mice. Indeed, CO2 pro-
uction rates by both female and male HTG mice were signif-

cantly higher than WT mice (Figure 5B).
If HTG mice present a higher metabolic rate, they should be

eaner or present higher food ingestion than WT mice. Thus, we
ollowed up body weight gain and food ingestion in these mice

igure 6. Food ingestion is enhanced in HTG mice. (A) Body
eight, (B) food ingestion, and (C) the efficiency of the conversion of

ngested food in HTG and WT mice were measured from weaning (1
onth) to 6 months of age, as described in Materials and Methods.
ata represent means � SEM (in grams). *P � .05 vs WT.
rom weaning up to 6 months of age. As shown in Figure 6, d
lthough body weight gain along time is similar, the amount of
ood ingested is significantly greater for female and male HTG
han WT mice and efficiency of the conversion of ingested food
s reduced in HTG mice, especially in HTG female mice, con-
rming higher energy dissipation in HTG mice.

Discussion
Recently, much attention has been focused on correla-

ions between changes in mitochondrial energy metabolism and
athologic conditions found in metabolic disorders. Altered
itochondrial energy metabolism has been shown to be both

ause and consequence of these conditions. For example, a
utation in mitochondrial DNA encoding a transfer RNA

auses maternally inherited hypomagnesemia, hypertension,
nd hypercholesterolemia.31 Certain mitochondrial DNA poly-
orphisms are related to insulin resistance and can be predic-

ors of the development of diabetes.32 Furthermore, UCP ex-
ression has been shown to change not only in diabetes9,10 but
lso with altered dietary and metabolic conditions. These
hanges may be related to body mass index,9 insulin resis-
ance,12 or circulating free fatty acids.8 Although UCP activity

ediates energy dissipation, favoring a catabolic state, the ef-
ect of UCPs on the control of body weight is uncertain. While

ice overexpressing human UCP3 in skeletal muscle are hy-
erphagic and lean,33 knockout mice in which UCP3 is absent
re not obese.34,35

We found that normal-weight, glucose-tolerant, and HTG
ice present enhanced liver mitochondrial inner membrane

roton conductance (Figure 2 and Alberici et al18). However, we
ould not find evidence that this uncoupling was related to
CP activity.18 Thus, to explain the uncoupling observed in
TG mice, we focused our attention on another regulated
itochondrial uncoupling pathway: the concerted activity of
itoKATP and the K�/H� exchanger (see Figure 1). Potassium

ptake into the mitochondrial matrix through mitoKATP chan-
els is accompanied by phosphate and water, resulting in ma-
rix swelling. This swelling activates K�/H� antiporters,19 and
he net result is the entrance of a proton for every K� ex-
hanged, resulting in uncoupling.

Using 3 different techniques, mitochondrial oxygen con-
umption measurements (Figure 1), light scattering estimates
f mitochondrial swelling (Figure 2), and binding to fluorescent
LY (data in text), we found that mitoKATP activity and expres-

ion is augmented in the livers of HTG mice. This enhanced
itoKATP activity increases mitochondrial respiratory rates un-

er nonphosphorylating conditions (Figure 2) and enhances K�

ptake and matrix volumes relative to control mitochondria
Figure 3). Indeed, these respiratory and volume effects are
nhibited by mitoKATP antagonists ATP, GLY, and 5-HD (Fig-
res 2 and 3). The lack of observable uncoupling and swelling

n HTG relative to WT mitochondria in media devoid of K�

ons (Figure 2) provides unequivocal evidence that this effect
ccurs secondarily to enhanced K� cycling.

It should be noted that, due to reports from both our group
nd others22,28,36,37 (see Facundo et al20 for a critical review) of
oxic effects of drugs such as DZX, 5-HD, and GLY that are
nrelated to mitoKATP activity, we conducted extensive control
xperiments to ensure our results were not attributable to these
oxic effects. These controls include avoiding the use of GLY in
espiratory experiments (due to its inhibitory effect at low

oses28), experiments using only the physiologic mitoKATP in-
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ibitor ATP, experiments conducted in the absence of K� salts,
omparisons between respiration and swelling effects, and the
se of low drug doses, previously shown not to cause changes in

nner membrane potentials under conditions similar to ours.22

ndeed, toxic effects of 5-HD and GLY in our isolated mito-
hondrial studies are unlikely because their effects were state
ependent28 and not observed in the absence of ATP and DZX

results not shown). Furthermore, toxic effects of DZX (which
nclude respiratory inhibition and protonophoric effects) can-
ot lead to mitochondrial swelling or alterations in swelling
nd respiration exclusively in HTG animals. Finally, our results
re not observable in media devoid of K�, confirming they are
elated to a selective K� transport pathway that promotes
welling and increases respiration, such as mitoKATP.

In addition to presenting increased respiratory rates in iso-
ated mitochondria, HTG mice display enhanced oxygen con-
umption rates in intact liver tissue in a manner prevented by
rior in vivo intraperitoneal administration of the mitoKATP

ntagonist 5-HD (Figure 4). Furthermore, HTG mice present
levated overall metabolic rates, as attested by increased body
emperature, CO2 release (Figure 5), and food ingestion (Figure
). These results suggest that the enhanced activity of mitoKATP

bserved in HTG livers may have important overall whole body
etabolic consequences. Unfortunately, we were unable to di-

ectly test this hypothesis due to the multiple systemic effects of
itoKATP antagonists unrelated to the activity of this channel.
owever, we were able to address the probable cause of these

hanges. Intracellular availability of fatty acids is likely impli-
ated in this adaptative phenomenon, because higher resting
espiration in HTG mice was corrected by activation of fatty
cid beta oxidation promoted by fibrate treatment18 but not by
atty acid oxidation suppression promoted by insulin. While
oth fibrates and insulin correct hyperlipidemia, they have
pposite effects on intracellular fatty acid metabolism. The lack
f an insulin effect in mitochondrial K�-dependent uncoupling
iffers from previously described mitochondrial alterations
ound in diabetes, obesity, and the metabolic syndrome, often
ttributed directly to hyperinsulinemia or insulin resistance.8–10,12

In conclusion, we found clear evidence that hyperlipidemia
ncreases mitoKATP expression and activity. We propose that
hanges in mitoKATP activity represent an adaptation that al-
ows HTG mice to oxidize excess intracellular free fatty acids.
his suggests that mitoKATP, in addition to UCPs, is involved in

he control of the energy metabolism and body weight.
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